INTRODUCTION {#SEC1}
============

In recent years, considerable progress has been made in understanding chromosome organization (for reviews, see ([@B1]--[@B3])). High-resolution chromosome conformation capture techniques have provided evidence that chromosomes in the genomes of human, mouse and *Drosophila* are partitioned into a series of discrete topologically associating domains (TADs) ([@B4]--[@B7]). Their characteristic feature is that regulatory elements within a TAD display extensive long-range interactions with each other but interact far less frequently with regulatory elements located outside their domain. TADs themselves are often organized hierarchically and include smaller domains (sub-TADs) interspaced with short boundary elements or longer spacing regions (inter-TADs) that contain active chromatin and constitutively transcribed (housekeeping) genes. Partitioning of the mammalian and *Drosophila* genomes into TADs appears to be largely cell-lineage independent and evolutionary conserved ([@B5],[@B8],[@B9]).

However, despite progress in the study of chromosomal architecture, we still do not have a clear mechanistic picture of how long-range interactions between distant regulatory regions are established and maintained through the cell cycle. In the past few years, the concept has arisen that there is a special class of architectural proteins that are responsible not only for global chromosome architecture but also for the local regulation of enhancer--promoter interactions ([@B1],[@B6],[@B10]--[@B12]). Architectural proteins include molecules differing in structure and functions, but the mechanisms and protein domains involved in long-distance interactions are not well understood. The question is still unresolved as to how architectural (insulator) proteins can organize specific interactions between distantly located sites.

Many transcription factors involved in insulator activity have been attributed to the category of architectural proteins. Insulators in the *Drosophila* and vertebrate genomes have been identified based on their ability to disrupt the communication between an enhancer and a promoter when inserted between them ([@B11],[@B13]--[@B17]). The growing amount of data show that insulator proteins fulfill an architectural function in mediating inter- and intrachromosomal interactions and in contacting regulatory elements such as promoters or enhancers ([@B18]). In mammals, cohesin and insulator protein CTCF are often found at TAD boundaries and play a major role in long-range contact formation ([@B8],[@B19]). In addition, a condensin complex and transcription factors like TFIIIC and ZFP143 have been detected at these sites ([@B20],[@B21]).

The bulk of information about potential transcription factors involved in long-range interactions has been obtained in studies of *Drosophila* insulators. The *Drosophila* genome contains many sequences with an insulator function ([@B15],[@B22],[@B23]). As shown in transgenic lines, pairing of two identical insulators can support distant activation of a promoter by an enhancer or yeast GAL4 activator ([@B24]--[@B28]). The relative orientation of two identical insulators defines the mode of loop formation that either allows or blocks enhancer (GAL4)--promoter interaction ([@B26],[@B27],[@B29]). Supposedly, this orientation-dependent interaction is accounted for by at least two insulator-bound proteins that are involved in specific protein--protein interactions. It has also been found that two identical insulators can support interactions between regulatory elements located in transgenes inserted at distances of up to several megabases from each other ([@B30]--[@B34]). The most striking example is the insulator named Homie that is located between the *TER94* promoter and regulatory region of the *eve* gene ([@B35]). The presence of Homie in a transgene as far as 3.3 Mb away from the endogenous copy facilitates long-range communication between endogenous *eve* enhancers located near Homie and a promoter placed on the transgene ([@B35],[@B36]). These facts suggest that proteins bound to insulators can support very specific distant interactions through the cell cycle.

The first insulators to be identified in *Drosophila* were scs and scs' located at the boundaries of two heat shock 70 genes ([@B37],[@B38]). One protein, Zw5, binds to scs and partially accounts for its insulator properties ([@B39],[@B40]). Four reiterated binding sites for Zw5 can function as an effective insulator ([@B39]). The Zw5 protein contains C2H2-type zinc fingers (ZF) at the C-terminus and, by this criterion, belongs to the largest group of transcription factors in higher metazoans ([@B41]--[@B43]). A C2H2-ZF domain can specify a wide range of three or four base pair targets, and tandem arrays of these domains bind contiguous DNA sequences, giving the C2H2-ZF proteins the ability to recognize an incredibly diverse set of sequence motifs ([@B44]--[@B46]). At the N-terminus, Zw5 proved to contain a zinc finger-associated domain (ZAD) that is almost exclusively found in association with zinc finger proteins (ZFP) ([@B39],[@B47],[@B48]). Two new transcription factors described recently, Pita and ZIPIC, function as insulator proteins and have a ZAD domain at the N-termini ([@B49]). In addition, both these factors interact with the 190-kDa centrosome-associated protein, named CP190, which has been suggested to have a global role in the function of chromatin insulators ([@B50]--[@B52]).

The ZAD domain is characteristic of the subfamily of mostly clustered *Drosophila* ZFP genes and appears to be restricted to the dipteran and closely related insect genomes ([@B48],[@B53],[@B54]). The ZAD domain is characterized by a conserved constellation of four cysteines, which form a zinc-coordinated fold. Data on the crystal structure of the ZAD of the Grauzone protein provide evidence that two ZAD molecules interact in a head-to-tail mode to form a dimer ([@B55]). The ability to form a homodimer was also shown for the ZAD domain of the Serendipity-δ ([@B56]) and Weckle ([@B57]) proteins. It has been suggested that ZAD domains of other proteins are also able to self-associate.

Here, we tested the ZAD domains of three known insulator proteins---Zw5, Pita, and ZIPIC---for the ability to form homo- or heterodimers. The results showed that, these domains were capable only of homodimerization. Moreover, ZIPIC and Pita each could support long-range interaction between the yeast GAL4 activator and the *white* promoter in transgenic *Drosophila* lines, as was previously found for the Zw5 protein ([@B27]). However, we did not observe any functional interactions between different ZAD proteins. These results suggest the ZAD domains account for highly specific interactions between the insulator proteins.

MATERIALS AND METHODS {#SEC2}
=====================

ChIP-Seq {#SEC2-1}
--------

Embryo collection and ChIP were performed as described ([@B58]). In particular, wild-type Oregon-R embryos were collected at 0--12 h and fixed with 1.7% formaldehyde. Chromatin was precipitated with rabbit anti-Pita, anti-ZIPIC, anti-Zw5 antibodies. To construct the libraries, DNA was processed as described in the TruSeq RNA Sample Preparation Guide (Illumina) v. 2 from the end repair stage. This protocol has been chosen because of a very low amount of input DNA (\<10ng). Amplified libraries were quantified using fluorometry with Qubit (Invitrogen, United States) and real-time PCR and diluted to a final concentration of 10 pM. Diluted libraries were clustered on a single-read flowcell using cBot instrument and sequenced in 51 cycles using a HiSeq2000 sequencer with TruSeq SBS Kit v3-HS (Illumina, United States). We sequenced the input sample as well as by one sample for Pita, ZIPIC, Zw5 and preimmune chromatin immunoprecipitates. Individual ChIP-Seq data were extensively validated by specific qPCR (Supplementary Figure S1). Raw and processed data were deposited in the NCBI Gene Expression Omnibus (GEO) under accession number GSE76997.

Computational processing of ChIP-Seq data {#SEC2-2}
-----------------------------------------

Raw reads were processed in the following way: adapters were trimmed using cutadapt ([@B59]) and subsequent sliding window-based adaptive trimming with sickle (<https://github.com/najoshi/sickle>); reads shorter than 20 bps were discarded. The remaining reads were mapped with Bowtie ([@B60]) (the optimal alignments with '--best --strata --tryhard' parameters) to the BDGP r5 / UCSC dm3 *Drosophila melanogaster* genome assembly, and only uniquely mapped ('--m 1') reads were kept. Reads overlapping with ENCODE blacklist regions (<https://sites.google.com/site/anshulkundaje/projects/blacklists>) ([@B61]) were discarded.

Peak calling was done using MACS2 ([@B62]) (<https://github.com/taoliu/MACS>) against preimmune and input control data. Peak sets obtained with the preimmune control were smaller and were utilized for motif discovery with diChIPMunk ([@B63],[@B64]). Resulting dinucleotide position weight matrices were used for motif finding in peaks obtained with the input control. To detect peaks with strong motif occurrences, we estimated a *P*-value for the best motif hit in each peak. To estimate the *P*-values, *Drosophila* genome dinucleotide composition was used as a background model for PERFECTOS-APE ([@B65]). For each ChIP-Seq peak, the motif statistical significance (*S*) was estimated as the probability that a random sequence of the same length had at least one motif hit scoring no less than the best hit observed in the ChIP-Seq peak ([@B66]): $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}S = 1 - {(1 - P)^{2(L - l + 1)}},\end{equation*}\end{document}$$ where *P* is the best hit *P*-value, *L* is the length of a particular peak, *l* is the length of the motif; the motif hits (including hits on both DNA strands and overlapping hits) were considered independent. All peaks with *S* \< 0.05 (\>1.3 after --log~10~ transformation) were considered carrying strong motif hits.

Peak annotation was performed in R with ChIPpeakAnno ([@B67]), biomaRt ([@B68]) and GenomicRanges ([@B69]). During peak annotation, we sequentially checked if a peak overlapped with a promoter/upstream/intron/exon/intergenic segments and assigned the peak into the first appropriate category (e.g. a peak annotated as promoter-related could also partly overlap the upstream and/or intron/exon segments). Promoter segments were considered as \[--100; TSS\], and upstream segments, as \[--1000; --100\] from the TSS.

Antibodies {#SEC2-3}
----------

Antibodies against ZIPIC \[aa 84--257\] and Pita \[aa 99--302 and 550--683\] were described in ([@B49]). Antibodies against Zw5 \[aa 98--302\] were raised in rabbits and purified from the sera by ammonium sulfate fractionation followed by affinity purification on CNBr-activated Sepharose (GE Healthcare, USA) according to standard protocols. Anti-FLAG M2 and anti-HA antibodies were from Sigma (Unites States), and anti-GST antibody was from Pierce (United States).

Plasmid construction {#SEC2-4}
--------------------

To express ZAD domains in S2 cells, protein-coding sequences were cloned in frame with 3×FLAG or 3×HA, excised, and subcloned into the pAc5.1 plasmid (Life Technologies).

Plasmids for yeast two-hybrid assay were prepared for full-sized proteins and ZAD domains alone as C-termini fused with DNA-binding or activation domain of GAL4 in corresponding pGBT9 and pGAD424 vectors from Clontech. We also used a modification of standard pGBT9 vector in which ZAD domain was cloned at the N-terminus of GAL4 DNA-binding domain. In such a system, the ZAD domain was separated from the GAL4 DNA-binding domain with the (GluAlaAlaAlaLys)~4~ linker.

For *in vitro* experiments, each ZAD domain was cloned into two plasmids, pAc28-TRX and pMAL-C5X (New England Biolabs). The pAc28-TRX vector was produced by cloning thioredoxin from pET32a (Novagen) into pAc28 ([@B70]). Thus, we obtained a combination of pACYC and pET28a(+) (Novagen) containing the p15A replication origin, Kanamycin-resistance gene, and pET28a(+) MCS. Fragments taken for cloning were as follows: Grauzone, aa 1--84; Zw5, aa 1--103; ZIPIC, aa 3--81; and Pita, aa 1--109.

The constructs for testing long-range interactions in transgenic flies were made as described previously ([@B71]).

Generation and analysis of transgenic lines {#SEC2-5}
-------------------------------------------

The transgenic construct and P25.7wc plasmid were injected into *yacw^1118^* preblastoderm embryos ([@B72]). The resultant flies were crossed with *yacw^1118^* flies, and the transgenic progeny were identified by their eye color under a Stemi 2000 stereomicroscope (Carl Zeiss, Germany). The transformed lines were tested for transposon integrity and copy number by RT-PCR. Only single-copy transformants were included in the study.

To obtain transgenic flies with insertion in 86Fb, the DNA of reporter constructs was injected into preblastoderm embryos of *y^1^* genotype ([@B73]). The emerging adults were crossed with the *y ac w^1118^* flies, and the progeny carrying the transgene in the 86Fb region were identified by pigmented bristles and eyes.

The lines with DNA fragment excisions were obtained by crossing the transposon-bearing flies with Cre (*yw; Cyo, P\[w+,cre\]/Sco;+*) recombinase-expressing lines. The Cre recombinase induces 100% excisions in the next generation. All excisions were confirmed by PCR analysis. Details of the crosses and primers used for genetic analysis and the excision of functional elements are available upon request.

Protein expression and purification {#SEC2-6}
-----------------------------------

*Escherichia coli* BL21 cells were transformed with plasmids encoding a protein fused with an affinity purification tag. Protein expression was induced with 1 mM IPTG. After induction, the cells were incubated in the presence of 0.2 mM ZnCl~2~ at 18°C overnight and disrupted by sonication in buffer A (for purification with 6×His tag: 50 mM HEPES--KOH, pH 7.6, with 500 mM NaCl, 5 mM MgCl~2~, 0.1 mM ZnCl~2~, 20 mM imidazole, 5% glycerol, 0.1% NP-40, and 5 mM β-mercaptoethanol; for purification with MBP tag: 20 mM HEPES--KOH, pH 7.6, with 150 mM NaCl, 5 mM MgCl~2~, 0.1 mM ZnCl~2~, 10% glycerol, 0.1% NP-40, and 1 mM DTT) containing 1 mM PMSF and Calbiochem Complete Protease Inhibitor Cocktail VII (5 μL/ml). The cell lysate was centrifuged, and the supernatant was incubated with 10 μl of Co-IDA-Agarose (Biontex) for purification with 6×His tag or with Amylose Resin (New England Biolabs) for purification with MBP tag (20 min at room temperature), washed with four portions of buffer A (5 min each at room temperature), and eluted with elution buffer (for purification with 6×His tag: 50 mM HEPES-KOH, pH 7.6, with 500 mM NaCl, 0.1 mM ZnCl~2~, 250 mM imidazole and 5 mM β-mercaptoethanol; for purification with MBP tag: 20 mM Tris--HCl, pH 7.5, with 50 mM NaCl, 0.1 mM ZnCl~2~, 10 mM maltose and 1 mM DTT) (20 min at room temperature).

Protein chemical crosslinking {#SEC2-7}
-----------------------------

ZAD domains fused with thioredoxin and thioredoxin alone (as a negative control) were taken for crosslinking. Protein concentration was adjusted to 10 μM. Crosslinking was carried out in 50 mM HEPES--KOH, pH 7.6, with 500 mM NaCl, 0.1 mM ZnCl~2~, 250 mM imidazole, 5 mM β-mercaptoethanol, and 0.02 or 0.1% glutaraldehyde (with additional 0.05% for thioredoxin) or without it (10 min at room temperature). Crosslinking was quenched with 200 mM Tris. The crosslinked samples were resolved by SDS-PAGE and stained with silver.

Pull-down assays {#SEC2-8}
----------------

For pull-down assays, ZAD domains fused with 6×His-thioredoxin and MBP were coexpressed in *Escherichia coli* BL21 cells. For this purpose, we transformed *E. coli* BL21 with two plasmids and used media containing ampicillin and kanamycin.

After induction of expression, each probe was divided into two portions: one used for purification with 6×His tag, and the other, with MBP tag. After elution, the samples were analyzed by SDS-PAGE with Coomassie staining.

Co-immunoprecipitation assay {#SEC2-9}
----------------------------

S2 cells grown in SFX medium were cotransfected by 3×FLAG- and 3×HA-fused plasmids with Cellfectin (Life Technologies) as recommended by the manufacturer. After transfection, the cells were incubated for 48 h and then collected by centrifugation at 700 *g* for 5 min, washed once with 1×PBS, and resuspended in 20 packed cell volumes of hypotonic lysis buffer (20 mM Tris--HCl, pH 7.4, with 10 mM KCl, 10 mM MgCl~2~, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM DTT, and Calbiochem Complete Protease Inhibitor Cocktail V). After incubation on ice for 10 min, the cells were sonicated (2 × 15 s on ice at 20% output), NaCl was added to a final concentration of 420 mM, and incubation on ice continued for 60 min, with periodic mixing. Sonication was repeated as above to reduce viscosity, cell debris was pelleted by centrifugation at 10 000 *g* for 30 min at 4°C, and the supernatant was collected for immunoprecipitation with anti-FLAG- and anti-HA-conjugated Sepharose (Sigma) equilibrated in incubation buffer-150 (20 mM Tris--HCl, pH 7.4, with 150 mM NaCl, 10 mM MgCl~2~, 1 mM EDTA, 1 mM EGTA, 10% glycerol and 0.1% NP-40). Mouse IgG conjugated to Protein G Agarose beads (by incubating in the same buffer on a rotary shaker at 4°C for 1 h) was used as negative control. The protein extract (50 μg protein) was adjusted to a volume of 500 μl with buffer-150, mixed with antibody-conjugated beads (30 μl), and incubated on a rotary shaker overnight at 4°C. The beads were then washed with two portions of buffer-150, three portions of incubation buffer-400 (with 400 mM NaCl), and one portion of incubation buffer-150, resuspended in SDS-PAGE loading buffer, boiled, and analyzed by western blotting. Proteins were detected using the ECL Plus Western Blotting substrate (Pierce).

Electrophoretic mobility shift assay (EMSA) {#SEC2-10}
-------------------------------------------

Aliquots of purified recombinant proteins (10--15 μg) were incubated with a radioactively labeled DNA fragments of artificial Zw5-binding sites (100 cps) in the presence of nonspecific binding competitor poly(dI-dC). Incubation was performed in PBS (pH 8.0) containing 5 mM MgCl~2~, 0.1 mM ZnSO~4~, 1 mM DTT, 0.1% NP-40 and 10% glycerol at room temperature for 30 min. The mixtures were then resolved by nondenaturing 5% PAGE in 0.5×TBE buffer at 5 V/cm.

Yeast two-hybrid assay {#SEC2-11}
----------------------

Yeast two-hybrid assay was carried out using yeast strain pJ69-4A, with plasmids and protocols from Clontech. For growth assays, plasmids were transformed into yeast strain pJ69-4A by the lithium acetate method, as described by the manufacturer, and plated on media without tryptophan and leucine. After 2 days of growth at 30°C, the cells were plated on selective media without tryptophan, leucine, histidine, and adenine, and their growth was compared after 2--3 days. Each assay was repeated three times.

RESULTS {#SEC3}
=======

Genomic colocalization of Zw5, Pita, and ZIPIC in *Drosophila* embryos {#SEC3-1}
----------------------------------------------------------------------

In previous studies, binding sites for Pita and ZIPIC were identified in the genome of S2 cells ([@B49]); in case of Zw5, only ChIP-on-chip data were available ([@B74]). To compare the genome-wide distribution of these ZAD-containing insulator proteins, we performed ChIP experiments with 0- to 12-h embryos, with subsequent sequencing by Illumina\'s massively parallel sequencing technology. ChIP-Seq peak calling against input control data revealed 1845/575/695 peaks for Pita/ZIPIC/Zw5 respectively (Supplementary Table S1).

More than 75% of Pita peaks, 65% of ZIPIC peaks and 79% of Zw5 peaks overlapped CP190 binding regions ([@B75]) (Figure [1A](#F1){ref-type="fig"}). It is noteworthy that no direct interaction between Zw5 and CP190 was revealed in a yeast two-hybrid assay. The overlap between the peak sets of Pita/ZIPIC/Zw5 themselves was notably less exhibited (10--20%, see Figure [1A](#F1){ref-type="fig"}). According to the current model, insulator proteins organize chromatin architecture in cooperation with condensin and cohesin complexes. We tested colocalization of Pita/ZIPIC/ZW5 with CapH2 (condensin complex) ([@B76]) and Rad-21/Nipped-B (cohesin complex) ([@B77]) and observed notable overlapping of these subunits with all three insulator proteins under study. Approximately half of Pita/ZIPIC/Zw5 peaks colocalized with CapH2/Rad-21/Nipped-B (Supplementary Figure S2A). As expected, the subunits of condensin and cohesin complexes were found at many other genomic sites that showed no colocalization with the Pita/ZIPIC/Zw5 peaks (e.g. see Supplementary Figure S2B).

![Genome-wide study of Pita, ZIPIC, and Zw5 binding sites. (**A**) Venn diagrams of Pita, ZIPIC, Zw5 and CP190; the number of overlapping ChIP-Seq peaks is shown. (**B**) Sequence logos for binding motifs of Pita, ZIPIC and Zw5 obtained from ChIP-Seq data. (**C**) Proportions of peak sets overlapping different genomic regions for Pita, ZIPIC, Zw5 and CP190 ChIP-Seq data. The proportion of the total genome length covered by different region types is shown for comparison. The deeper colored areas show peaks with high motif occurrence (see Methods). (**D**) Pairwise comparisons of ChIP-Seq data sets (all peaks and promoter-overlapping subsets). In each matrix, cells at the diagonal show the total number of peak calls (in red), the other cells show the proportion of peaks of each particular data set (rows) that overlap peaks of another data set (columns). Matrices at the bottom show the same information on peaks with high motif occurrence for Pita, ZIPIC and Zw5, respectively. (**E**) Binary heat maps of Pita, ZIPIC and Zw5 peaks classified into groups on the basis of their overlap with CP190 peaks and with each other.](gkw371fig1){#F1}

Sequence motifs for Pita and ZIPIC were previously identified in S2 cells ([@B49]). We performed *de novo* motif search by ChIP-Seq in embryos, where the motifs proved to have the same DNA pattern as in S2 cells (Figure [1B](#F1){ref-type="fig"}). Interestingly, about 55% of Pita peaks and 71% of ZIPIC peaks were characterized by a high occurrence of the motif (Figure [1D](#F1){ref-type="fig"}), while the respective proportions of such peaks in S2 cells were only 40 and 37% ([@B49]).

Only one binding site for Zw5 was previously described in the SCS insulator ([@B39]). Our search for the motif for Zw5 based on embryo ChIP-Seq data resulted in identification of a 17-bp pattern (Figure [1B](#F1){ref-type="fig"}), and the SCS binding site fitted to the identified consensus sequence. Nearly 31% of Zw5 peaks showed high motif occurrence (Figure [1D](#F1){ref-type="fig"}), and Zw5 binding to the consensus sequence was successfully confirmed by EMSA (Supplementary Figure S3).

Next, we assessed genomic annotation of ChIP-Seq peaks. The peaks were enriched in the promoter regions in close proximity to TSS (from --100 bp to TSS) (as in the case of CP190), and depleted in intergenic and coding regions (Figure [1C](#F1){ref-type="fig"}). In particular, most of peaks with high motif occurrence were found in promoter regions: there were 65% of Pita peaks, 93% of ZIPIC peaks, and 45% of Zw5 peaks (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). The occurrence of motifs in peaks associated with intronic and intergenic regions was rare (Figure [1C](#F1){ref-type="fig"}), suggesting that such peaks were probably a result of some *trans* interactions. Furthermore, promoter-associated Pita, ZIPIC and Zw5 peaks showed a very high correlation with CP190 (compare 'Promoter peaks' and 'All peaks' panels in Figure [1D](#F1){ref-type="fig"}), while pairwise overlapping between Pita, ZIPIC and Zw5 peaks was observed in a relatively small number of cases (133 overlaps for Pita--ZIPIC, 238 overlaps for Pita--Zw5 and 112 overlaps for ZIPIC--Zw5) (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). Only 89 overlaps were found for the peaks of all three proteins (Figure [1A](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). Among motif-containing peaks, only two were with such a ternary combination, but there were 40 peaks with Pita--ZIPIC, 10 peaks with Pita--Zw5, and 15 peaks with ZIPIC--Zw5 combinations. This allowed us to conclude that these proteins are mainly responsible for chromatin organization of different regulatory regions, primarily at the promoters.

Hi-C data available for S2, Kc167, Bg3 and OSC cells ([@B9]) allowed us to analyze how Pita/ZIPIC/Zw5 peaks were located relative to the TAD/inter-TAD and, specifically, TAD boundaries as the key points of long-range interactions. We found peaks for Pita, ZIPIC, and Zw5 both at TADs and inter-TADs, with the latter case demonstrating 1.5- to 2-fold enrichment of insulator proteins binding (binomial test, *P* \<\< 0.05; Supplementary Table S2). Then TAD boundaries were taken to be at ±20 kb and ±10 kb from TAD start/end locations. We found that about 50% (for ±20 kb) and 25--30% (for ±10 kb) of peaks for Pita, ZIPIC and Zw5 proteins were anchored within these boundaries (Supplementary Table S3). These amounts were 1.5--2 times greater than expected, taking into account the total length of the TAD boundaries (binomial test, *P* \<\< 0.05; Supplementary Table S3). As for the TAD boundaries themselves, Pita was found at almost 60% of them (40% for ±10 kb window); while ZIPIC and Zw5 occupied a lower proportion of the boundaries (∼30% for ±20 kb window and 20% for ±10 kb window) (Supplementary Table S3). In many cases, we found the TADs being flanked by binding sites for Pita, ZIPIC, or Zw5 (Supplementary Table S4); i.e. there were multiple TADs with both boundaries containing ChIP-Seq peaks. Two regions of the high resolution Hi-C map ([@B76]) were randomly selected and overlaid with Pita/ZIPIC/Zw5 peaks (Supplementary Figure S4). It can be seen that many sites for one or several insulator proteins flank TADs or sub-TADs or are located in genomic regions corresponding to rare contacts between different TADs. These observations suggest that Pita, ZIPIC and Zw5 can be classified as architectural proteins that support long-range interactions between genomic regions.

ZAD domains effectively form homodimers, but not heterodimers {#SEC3-2}
-------------------------------------------------------------

According to the crystal structure, two ZAD domains of Grau interact in a head-to-tail mode to form a dimer ([@B55]). The ZAD domain of Grau has only 5.8% identical and 72.1% similar positions in amino acid sequence alignment with the ZAD domains of insulator proteins Zw5, ZIPIC and Pita (Figure [2A](#F2){ref-type="fig"}). Pairwise comparisons of Zw5, ZIPIC and Pita showed a limited degree of similarity, as in comparisons with Grau. We used chemical crosslinking by glutaraldehyde to confirm that the ZAD domains of these proteins are also able to homodimerize, with the ZAD domain of Grau serving as a positive control and thioredoxin as a negative control (Figure [2B](#F2){ref-type="fig"}). The crosslinked ZAD domains of Grau, Pita, ZIPIC and Zw5 migrated as dimers. The fractions of monomeric (non-crosslinked) species could appear due to inefficient intermolecular crosslinking explained by the lack of neighboring lysines. Thus, the ZAD domains of these four proteins are able to homodimerize *in vitro*.

![Testing for homo- and heterodimerization of the ZAD domains *in vitro*. (**A**) Sequence comparison of ZAD domains of Grau, Pita, ZIPIC and Zw5. (**B**) Testing for homodimerization of Grau, Pita, ZIPIC, and Zw5 ZAD domains by chemical crosslinking with glutaraldehyde. (**C**) The results of MBP and 6×His pull-down assay showing that the ZAD domains of proteins expressed in vitro formed only homodimers. For MBP pull-down, beads with bound MBP--Pita, MBP--ZIPIC, MBP--Zw5 or MBP alone were incubated with 6×His-Trx-Pita, 6×His-Trx-ZIPIC, 6×His-Trx-Zw5, 6×His-Trx-Grau or 6×His-Trx. For 6×His pull-down, beads with bound 6×His-Trx-Pita, 6×His-Trx-ZIPIC, 6×His-Trx-Zw5, 6×His-Trx-Grau, were incubated with MBP--Pita, MBP--ZIPIC, MBP--Zw5 or MBP alone. The precipitated proteins were resolved by SDS-PAGE and stained with Coomassie. Grau was used as positive control for homodimer formation, while MBP and 6×His-Trx were used as negative control. Arrows indicate the precipitated prey protein after pull-down with bait protein.](gkw371fig2){#F2}

We experienced some problems while testing *in vitro* interactions between ZAD domains expressed in bacteria. Firstly, ZAD domains from the same protein but with different tags (6×His-Thioredoxin or MBP) showed no interaction when expressed separately and mixed after purification. This could be explained by the stability of their dimers, which could not dissociate and reassociate with another domain during the experiment. Extension of the incubation time up to 7 days and changes in the buffer composition produced no effect except increasing the level of nonspecific interactions. Then we carried out a coexpression assay in which both differently tagged ZAD domains were expressed in the same *E. coli* cells, using compatible vectors. In this assay, the effective formation of homodimers was observed. Although homodimerization obviously prevailed over heterodimerization, the frequency of supposedly nonspecific heterodimeric interactions was relatively high. A probable explanation is that protein concentrations in the cells were high enough to exceed the threshold of heterodimer assembly, even though it is much higher than the threshold sufficient for homodimerization (Figure [2C](#F2){ref-type="fig"}). This assumption is supported by the results of yeast two-hybrid and immunoprecipitation assays, which deal with small protein concentrations within the cells.

To further confirm the observed property of ZAD domains, we analyzed co-immunoprecipitation of 3×FLAG- and 3×HA-targeted ZAD domains in transfected S2 cells (Figure [3A](#F3){ref-type="fig"}). Each ZAD domain was fused with either 3×FLAG or 3×HA epitope and transfected in all combinations into S2 cells. The C-terminus of dCTCF fused with 3×FLAG was used as a negative control for interaction with the ZAD domains. After immunoprecipitation with HA-Sepharose, only the bands corresponding to homodimers of ZAD domains were detectable, whereas in the reverse experiment with FLAG-Sepharose we observed strong homodimer bands and weak, probably nonspecific bands for some heterodimer combinations.

![Testing for homo- and heterodimerization of the ZAD domains *in vivo*. (**A**) Co-immunoprecipitation of ZAD domains fused with 3×FLAG or 3×HA and expressed in S2 cells. Protein extracts from *Drosophila* S2 cells cotransfected with 3×FLAG- and 3×HA-fused plasmids were immunoprecipitated with antibodies against 3×FLAG or 3×HA (using nonspecific IgG as a negative control), and the immunoprecipitates (IP) were analyzed by Western blotting for the presence of HA- or FLAG-tagged proteins. 'Input' refers to samples of the initial protein extract; 'output,' to the supernatant after the removal of immunoprecipitate (IP). Nonspecific IP is indicated with an asterisk. (**B**) Testing Pita, Zw5 and ZIPIC for interaction in the yeast two-hybrid assay. Fragments of Pita, ZIPIC and Zw5 corresponding to the ZAD domains were fused to the GAL4 DNA-binding domain at the N- and C-termini and tested for interaction with Pita, ZIPIC and Zw5 (full-size or only the ZAD domain) fused to the GAL4 activating domain. All fragments were tested for the absence of interaction with the GAL4 activating and GAL4 DNA-binding domains alone. The results are summarized in columns where the plus and minus signs indicate a strong interaction or the absence of interaction, respectively.](gkw371fig3){#F3}

Finally, we tested the ZAD domains in the yeast two-hybrid system (Figure [3B](#F3){ref-type="fig"}). The sequences encoding the ZAD domains were fused in frame to the yeast GAL4 DNA-binding domains (BD) and activation domains (AD). Since steric hindrance can interfere with transcriptional activation in the two-hybrid system, the ZAD domains were placed at both the N-terminus (ZAD-AD and ZAD-BD) and the C-terminus (AD-ZAD and BD-ZAD) of the fusion protein. The results provided additional evidence that the ZAD domains of the test proteins were mainly homodimerized: in all experimental variants, the interaction was observed only when the same ZAD domain was fused to the DNA-binding and activation domains of GAL4.

Pita and ZIPIC are able to support long-range interactions in *Drosophila* transgenic lines {#SEC3-3}
-------------------------------------------------------------------------------------------

To find out whether the binding regions of ZAD-containing proteins can support long-range interactions, we used the GAL4/*white* assay (Supplementary Figure S5), which is based on the finding that the yeast GAL4 activator bound to sites located upstream of the *yellow* gene fails to stimulate the *white* promoter placed downstream of the *yellow* 3′ end ([@B26]). In the test constructs (Figure [4](#F4){ref-type="fig"}), ten GAL4 binding sites (G4) were inserted at --893 relative to the *yellow* transcription start site. As a result, the distance between the *white* gene and G4 was almost 5 kb. As shown previously ([@B27]), eight binding sites for Zw5 from the SCS insulator can efficiently support the long-range interaction in the GAL4/*white* assay.

![Testing for the functional interaction between DNA fragments containing binding sites for (**A**) Pita (white circles) or (**B**) ZIPIC (black circles) in the GAL4/*white* model system. At the top is a reductive scheme of transgenic construct used to examine the functional interaction between the binding sites for the test proteins. The GAL4 binding sites (indicated as G4) are at a distance of 5 kb from the *white* gene. The *yellow* gene is inserted between the GAL4 binding sites and the *white* promoter. '+GAL4' indicates that eye phenotypes in transgenic lines were examined after induction of GAL4 expression. The *yellow* and *white* genes are shown as boxes, with arrows indicating the direction of their transcription. The inverted triangles indicate sites that used for insertion of tested DNA fragments. Downward arrows indicate target sites for Cre recombinase (lox). The same sites in construct names are denoted by parentheses. The superscript index 'R' indicates that the corresponding element is inserted in the reverse orientation in the construct. The 'white' column shows the numbers of transgenic lines with different levels of *white* expression. The wild-type *white* expression determined the bright red eye color (R); in the absence of *white* expression, the eyes were white (W). Intermediate levels of pigmentation, with the eye color ranging from pale yellow (pY) through yellow (Y), dark yellow (dY), orange (Or), dark orange (dOr) and brown (Br) to brownish red (BrR), reflect the increasing levels of *white* expression. *N* is the number of lines in which flies acquired a new white (w) phenotype upon deletion (Δ) of the specified DNA fragment; T is the total number of lines examined for each particular construct.](gkw371fig4){#F4}

The question arose as to whether four binding sites for either Pita or ZIPIC could also support this interaction, taking into account our data ([@B49]) that Pita proved to be recruited to a DNA fragment containing four Pita binding sites arranged in the same orientation (P^×4^). The P^×4^ fragment flanked by LOX sites was inserted near the GAL4 sites. The second P^×4^ fragment was inserted in either direct (P^×4^) or reverse orientation (P^×4R^) upstream of the *white* promoter (Figure [4A](#F4){ref-type="fig"}). The *white* promoter usually accounts for the basal expression level, with eye pigmentation ranging from pale yellow to dark yellow (Supplementary Figure S6). To express the GAL4 protein, we used a transgenic line carrying the GAL4 gene under control of the ubiquitous *tubulin* promoter ([@B26]). These experiments showed that the pair of Pita binding sites provided for stimulation by GAL4 in both orientations relative to each other (Figure [4A](#F4){ref-type="fig"}). To demonstrate that *white* stimulation by GAL4 was supported by the Pita binding sites, we deleted the DNA fragments located near GAL4 binding sites by crossing with a line expressing the Cre recombinase. As a result, GAL4 lost the ability to stimulate *white* expression in all the lines tested. Thus, Pita binding sites can support long-range stimulation of the *white* promoter by GAL4 in an orientation-independent manner. Similar results were obtained with ZIPIC binding sites: they supported the long-range interaction regardless of their orientation relative to each other (Figure [4B](#F4){ref-type="fig"}).

We then tested whether Pita and ZIPIC binding sites could support the long-range interaction between GAL4 and the *white* promoter (Figure [5A](#F5){ref-type="fig"}). The P^×4^ fragment flanked by LOX sites was inserted near the GAL4 sites, and the ZIPIC fragment was inserted in either direct (Zp^×4^) or reverse orientation (Zp^×4R^) upstream of the *white* promoter. GAL4 failed to stimulate *white* transcription in any of the transgenic lines, showing that there was no effective hetero-interaction between Pita and ZIPIC. In similar tests for the interaction between binding sites for Zw5 and Pita (Figure [5B](#F5){ref-type="fig"}), these sites also failed to support *white* activation by GAL4. Thus, we observed no functional interactions between binding sites for different proteins.

![Testing for the functional interaction between DNA fragments containing (**A**) binding sites for Pita and ZIPIC or (**B**) binding sites for Pita and Zw5 (gray circles) in the GAL4/*white* model system. At the top is a reductive scheme of transgenic construct used to examine the functional interaction between the binding sites for the test proteins. In some transgenic lines, weak activation of the *white* reporter by GAL4 was observed. However, deletion of the binding sites inserted between *lox* sites in transgenic lines did not abolish GAL4-mediated activation, suggesting the absence of interaction between binding sites for different proteins. Other designations are as in Figure [4](#F4){ref-type="fig"}.](gkw371fig5){#F5}

In addition, we performed an analysis for the functional interaction between binding sites for Pita, ZIPIC, and Zw5 using a phiC31-based integration system ([@B73]). All possible combinations between Pita, ZIPIC, and Zw5 were inserted in the same genomic region 86Fb (Supplementary Figure S7). A functional interaction was observed between binding sites for the same protein: Pita--Pita, ZIPIC--ZIPIC, and Zw5--Zw5; however, no *white* stimulation by GAL4 took place in variants with binding sites for different ZAD proteins, confirming the absence of interaction between them.

ZIPIC can support long-range stimulation of reporter gene by GAL4 in yeast {#SEC3-4}
--------------------------------------------------------------------------

Next, we examined whether ZIPIC could support long-range interactions between regulatory elements in yeast, where such interactions are rare. For example, the GAL4 activator can stimulate yeast promoters only when its binding sites are located in relatively close proximity to the promoter, at a distance of no more than a few hundred base pairs ([@B78]--[@B80]). To test whether heterologous ZAD-containing protein can facilitate long-range interaction between GAL4 and a promoter, we used the *his* gene under control of its own promoter (Figure [6A](#F6){ref-type="fig"}). Ten GAL4 binding sites were inserted on the 3′ side of the *his* reporter, and a DNA fragment containing three ZIPIC binding sites was inserted upstream of the *his* promoter and downstream of the GAL4 sites. This construct was integrated in the yeast genome using homologous recombination. To demonstrate that ZIPIC can bind to its sites in yeast, we transformed the resulting yeast line with ZIPIC fused with the GAL4 binding domain. As a result, strong activation of the *his* promoter by GAL4 was observed, confirming the binding of ZIPIC to its sites (Figure [6B](#F6){ref-type="fig"}). Next, the yeast strain was transformed with expression vectors for either GAL4 and ZIPIC or GAL4 alone. The results showed that GAL4 failed to stimulate the promoter when the binding sites were located on the 3′ side of the gene. At the same time, coexpression of ZIPIC and GAL4 induced strong reporter activation. Hence, we conclude that GAL4 is recruited to the *his* promoter due to the interaction between ZIPIC proteins bound to the corresponding sites downstream and upstream of the *his* gene.

![ZIPIC mediates long-distance activation of a promoter by GAL4 in yeast. (**A**) Structure of the *his* gene reporter system to monitor ZIPIC activity in yeast. Ten GAL4 binding sites (G4) were inserted at the 3′ end of the *his* gene. The DNA fragments containing three ZIPIC sites (indicated as black circles) were inserted in reverse orientation upstream of the *his* promoter and downstream of the GAL4 binding sites. (**B**) Expression of ZIPIC promotes transcriptional activation at large distances. The reporter construct depicted in (A) was integrated into the genome. Expression of the *his* reporter was spot-assayed by measuring colony formation on plates containing the 3-amino-1,2,4-triazole (3-AT): the higher the concentration of 3-AT, the higher the level of HIS3 protein required for growth ([@B97]). (**C**) Mutant ZIPIC protein lacking the ZAD domain fails to support long-distance activation by GAL4.](gkw371fig6){#F6}

To test for role of ZAD domain in long-range interactions, we prepared mutant ZIPIC devoid of this domain (ZIPIC^Δ^) and transformed the yeast line with ZIPIC^Δ^ fused with the GAL4 activation domain (Figure [6C](#F6){ref-type="fig"}). As a result, activation of the reporter was observed, suggesting that ZIPIC^Δ^ bound to sites in the promoter region of the *his* gene. Coexpression of GAL4 and ZIPIC^Δ^ or expression of GAL4 alone did not stimulate the *his* promoter. Therefore, the ZAD domain is required for the ability of ZIPIC to facilitate distant GAL4 activation.

To demonstrate that the interaction between ZIPIC binding sites is required for long-range GAL4-mediated stimulation, we made a construct that contained ZIPIC binding sites only near the *his* promoter (Supplementary Figure S8). In this case, coexpression of GAL4 and ZIPIC did not stimulate the expression of the reporter gene. Taken together, these results suggest that ZIPIC can support long-range interactions in yeast and that the ZAD domain is required for this activity.

DISCUSSION {#SEC4}
==========

The zinc-finger associated domain (ZAD) family is the largest transcription factor family in dipteran insects, which consists of 91 members ([@B47],[@B48]). This accounts for ∼10% of all *Drosophila* transcription factors. The ZAD domain is evolutionarily conserved within arthropod genomes and is represented by only one member in vertebrates ([@B47],[@B48]). Most of ZAD-containing proteins in *Drosophila* are expressed in the female germline and embryos, suggesting that proteins containing these motifs play important roles in oocyte development and during embryogenesis ([@B47],[@B48],[@B81]). However, only a small part of ZAD transcription factors have been characterized with regard to their transcriptional regulatory activity in *D. melanogaster*. They include Grau ([@B82],[@B83]), Sry-δ ([@B84],[@B85]), Zw5 ([@B39]), Pita ([@B86],[@B87]), Hang ([@B88]), Weckle ([@B57]), Pad ([@B89]), M1BP ([@B90]) and Trem ([@B91]).

The Pita, ZIPIC, and Zw5 proteins have been recently shown to have properties similar to those of the well-described insulator protein Su(Hw) ([@B39],[@B49]). They are strongly expressed at all *Drosophila* life stages, especially in embryos, which is indicative of their key role in gene regulation. This conclusion is confirmed by the lethal phenotype of null mutations in the *pita* and *zw5* genes ([@B39],[@B87]). Pita, ZIPIC and Zw5 bind mainly to promoter regions near the TSS. Therefore, these proteins may be involved in the generation of an open chromatin structure in the promoter area and the recruitment of complexes regulating transcription. The Pita, ZIPIC and Zw5 binding is also enriched at the TAD boundaries and in inter-TAD regions. The proteins are extensively colocalized with subunits of cohesin and condensin complexes, as previously shown for mammalian architectural protein CTCF ([@B92]). On the basis of these facts, the Pita, ZIPIC and Zw5 proteins can be classified as architectural.

The ability to form homodimers has been shown for the ZAD domains of three proteins, Grau, Sry-δ and Wek ([@B55]--[@B57]). Here, similar results were obtained for three more proteins, suggesting that this ability is a common property of the ZAD domains. At the same time, the domains tested in this study did not form heterodimers. However, they had a low level of homology to each other, which leaves the possibility that ZAD domains with a relatively high level of homology are capable of heterodimerization.

The pairs of binding sites for ZAD proteins Pita, ZIPIC (examined here) and Zw5 ([@B27]) can support long-range interactions between the GAL4 activator and the *white* promoter in transgenic lines. Similar results were previously obtained for the Su(Hw) and CTCF insulator proteins ([@B27],[@B29],[@B71]). There are two lines of evidence for the critical role of the ZAD domain in organizing such interactions. First, ZIPIC can support long-range activation of the reporter gene by GAL4, with the ZAD domain being required for this activity. Since *Drosophila* insulator proteins have no homologs in the yeast genome, ZIPIC apparently facilitates this interaction in yeast without help of partners. The importance of ZAD domain for long-range interactions is also supported by the inability of different ZAD proteins to facilitate such an interaction in the model system. Interestingly, although no functional interaction is observed between binding sites for ZIPIC and Pita, both these proteins interact with CP190 ([@B49]), the protein that appears to be important for long-range interactions between insulator proteins ([@B50]--[@B52]). Based on these results we suggest that homodimerization of the ZAD domain is important for organizing the long-range interaction between binding sites for the corresponding protein.

Chromatin looping between different types of regulatory elements (promoters, enhancers, silencers, and insulators) is widely observed and appears to be a general mechanism for establishing long-range functional interactions in the genomes of higher eukaryotes ([@B6],[@B19],[@B93]--[@B96]). The results of studies on *Drosophila* insulator elements allow us to conclude that all tested *Drosophila* insulators contain binding sites for more than one insulator protein that can be involved in specific long-range interactions ([@B11],[@B27],[@B29],[@B49],[@B71]).

It has been suggested that regulatory elements (insulator, promoter, enhancer) containing similar combinations of binding sites for insulator/architectural proteins can be involved in supporting specific long-range interactions in chromatin. It seems likely that architectural proteins can contribute to the initial organization of specific interactions between remote regulatory elements, while cohesin and condensin complexes support such interaction during the cell cycle. The large family of ZAD transcription factors that includes 91 members ([@B47],[@B48],[@B53]) may have a key role in organization of *Drosophila* chromatin architecture. Further studies are required to understand the functional role and properties of this poorly studied group of transcription factors.
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